Seasonal Patterns of Root Initiation and Mycorrhizal Development 
in Pinus Resinosa Ait. 


By Hugh Wilcox 


Introduction. 


Traditionally the roots of pines have been separated into two rather 
distinct classes, long roots and short roots. This distinction has been of 
great importance in the pioneering investigations of mycotrophy, and it is 
generally accepted that short roots are the principal abode of mycorrhizal 
fungi. Long roots usually do not form typical mycorrhizae, but they are 
colonized to some degree by mycorrhizal and other rhizospheric fungi and, as 
Robertson (4) has shown, may participate in mycorrhisal formation. He 
discovered that the acropetal development of mycorrhizal short roots in 
Pinus sylvestris resulted from infection from the Hartig net In the mother 
root. : 


‘This study reports on the initiation and development of long ‘and short 
root primordia and on the relationship of periods of growth and dormancy to 
the occurrence of mycorrhizal infection in Pinus resinosa Ait. An attempt is 
made to explain why some roots develop into long roots and others into short 
roots, why roots are frequently initiated but fail to emerge, and how 
mycorrhizal infection develops in different classes of roots. 


Materials and Methods. 


Root collections were made during a two year period from 2- and 3-year- 
old nursery seedlings and from young plantation trees growing on several 
sites. Roots were excavated at weekly intervals from March through September, 
at biweekly intervals from October through December, and once each during 
Jãmary and February. All samples were photographed and slides were prepared 
from portions of selected roots using standard microtechnique procedures. 
Slides were stained by a combination of Chlorazol Black E and Pianese (7). 

The junction between longitudinal growth increments was identified in each 
long root and, wherever possible, in short roots also. Serial transverse and 
serial longisections were studied. 


Interrelationships between root diameter and the growth activity of roots 


Considerable variation in diameter of the primary body of reots occurs 
both between root classes and within a given root. Dimensional data presented 
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in. an earlier paper show the variations in diameters of different orders of 
roots of nursery seedlings and roots from field collections (6). A 
subdivision of long roots from plantations into classes termed pioneer, 
mother, and subordinate mother roots was made on the basis of diameter and 
closeness of branching. It was shown that root sizes are not immtable 

and that diameter changes in primary body frequently occur during the 
growth of long roots. These changes may be great enough to alter the 
classification of roots from one long-root subdivision to another. Changes 
in root diameters were also observed for nursery seedlings and data were 
presented showing changes in 3-year-old seedlings. 

The gross changes noted above also are correlated with differences in 
root anatomy. For example, the distance between “horseshoes” (see (6) for 
a description of xylem differentiation in P. resinosa) of early primary 
xylem is related linearly to total root diameter (fig. 1). With age, total 
root diameter at a given position is affected by cellular changes in the 
cortex and by cambial activity, but the distance between the horseshoes of 
early primary xylem remains constant, making it possible to recapitulate 
the size of the primary body at each point throughout the lengths of older 
roots. Measurements of protoxylem separation were made throughout the 
lengths of numerous long roots. The results of one such study is shown in 
fig. 2 and the changes can be summarized as follows: 


(1) The separation between protoxylem arcs of an emerging root generally 
increases rapidly from the point of attachment to the xylem of the mother 
root to the position where the root emerges from the cortex; (2) the 
separation then decreases slightly; (3) a subsequent increase occurs during 
the growing season, with the increase being progressively smaller and 
accomplished over shorter distances with increasing order of branching; 

(4) an abrupt increase in the separation of protoxylem poles occurs on the 
_proximal side of a dormancy layer; (5) an abrupt decrease in separation 
occurs in the larger roots during the period of emergence from dormancy (in 
the smaller roots the decrease is less abrupt); and (6) another period of 
increase in separation occurs shortly after the advent of the new growing 
period. In the 1964 report it was thought that there was a sharp drop in 
diameter upon approaching dormancy. It now appears more likely that the 
decrease occurs later; the uncertainty arises because of the short distances 
over which the abrupt changes occur and the difficulties in precise 
localization of the dormancy layers. 
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The pattern described above occurs during each cycle of growth, and 
the ultimate size of the primary body is a reflection, among other things, 
of the vigor of root growth and the duration of the growing periods. Short 
roots, which have only brief intervals of growth and slow growth rates, 
may exhibit abrupt increases in protoxylem separation after emerging from 
the mother root, but these roots quickly cease elongation and rarely attain 
any appreciable size or protoxylem separation. Long roots, on the other 
hand, have longer intervals of growth and more rapid growth rates and also 
attain appreciable size increases and protoxylem separation. In all the 
curves of fig. 2, the maximal protoxylem separation occurs at times of 
dormancy and is always found close to the position where the metacutization 
layers join the suberized endodermis. The smaller random fluctuations in 
protoxylem separation in fig. 2 are superimposed upon the general seasonal 
pattern and are not clearly associated with periods of dormancy. These minor 
variations represent intraseasonal fluctuations that are not sufficiently 
great to obscure the overall seasonal trend. They are possibly due to 
environmental fluctuations. 


Developmental Differences between Long Roots and Short Roots. 


First order laterals from the 3-0 seedlings and the terminal portions 
of plantation roots were used to determine whether the size of lateral roots 
at the time of emergence influences their fate in developing into long or 
short root branches. As protoxylem separation is laborious to determine for 
large sample sizes, it was decided to measure outside diameter of the lateral 
root at its point of emergence rather than protoxylem separation (see fig. 1). 
Minor errors were encountered in older long root laterals due to cambial 
activity and shrinkage of cortex, and in mycorrhizal short roots due to 
hypertrophy of the cortex. Even in these cases, however, the outside 
measurements were found to be sufficiently accurate to establish trends in 
the original size relationships of these roots. 


The results of the measurements of initial root size can be summarized 


as follows: | 


(1) The diameter of each lateral at the mother root surface is 
significantly less than the diameter of the mother root. 

(2) Only from 10 to 21 per cent of the emerging laterals on a root were | 
larger than 50 per cent of the diameter of their mother root. This 
percentage range bore no uniform relationship to the root class of 


zS 


the mother root. 


(3) Only roots over 50 per cent of the diameter of their mother root 
became long roots in their om right, 


(4) In first order laterals the size of primary body of the mother 
root increases with age. 


(5) This increase in size of the mother root is accompanied by increases 
in initial size of the long roots of second order initiated on the 
mother toot and the initial size of second order laterals formed in 
the third growth increment may be equal to the initial size ef the 

А first order lateral itself. 


(6) The diameter of second order lateral short roots also increases in 
each of the three seasonal increments of these first order laterals. 
The percentage increases are smaller than the percentage increases 
, of long roots of second order; but, nevertheless, the last-formed 
short roots may have the same initial size as the first formed 
second order long root laterals. However, despite the absolute 
increase in size of short roots there is usually a slow 
progressive decrease in relative size of short roots borne on the 
lengthening first order laterals. 


(7) As a corollary of the above points, increases in the size of the 
primary body of emerging laterals are dependent upon their continued 
growth and this continued growth is not assured unless the initial 
primordium exceeds a certain relative propostion of the size of its 
mother root. Thus, the continuation of growth in long roots 
increases the probability of transitions from one long root class 
to another, but the early cessation of growth in short roots 
diminishes the probability of their transition to long root types. 


Fungal Invasion of Roots and the Development of Mycorrhizae. 


Collections of roots made early in the season prior to the beginning of 
root elongation showed that dormant long roots are heavily colonised by fungi. 
The fungi occur intercellularly in the cortex throughout the terminal portion 
of the root, but are barred from the meristem by metacutized dormancy layers. 
In many roots fungi also were densely concentrated in the distal portions of 
the root cap beyond the encircling dormancy layers. 
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Dormant large diameter roots generally show no external evidence of 
fungal colonization. The roots have no mantle and the fungi within the 
cortex may remain discrete in the intercellular spaces not forming a Hartig 
net. However, the continuum of root diameters is marked by а continuum 
in the expression of infection symptoms. Progressively narrower roots 
displayed fungal features which increasingly resembled those in typical 
mycorrhizae. Thus many of the dormant subordinate mother roots possess 
rudimentary mantles and frequently have their cortical cells separated 
by a fungal net. | | : ' 


Characteristic differences were noted between the mycorrhizal features 
of nursery seedlings and the plantation roots. The former possessed frequent 
intracellular hyphae and were ectendotrophic in nature, while the latter 
were usually truly ectotrophic. In this respect, Pinus resinosa corresponds 
to the condition noted by Mikola (2) for pines in Finland. 


The primordia of the dormant, unemerged lateral roots in the distal 
region of dormant long roots appear to act as concentration centers for 
fungal hyphae. These hyphae form a thick mantle surrounding the unemerged 
apical dome of the lateral, but they do not penetrate its dormancy layers. 

In those primordia which have progressed farthest through the cortex of the 
mother root the fungi frequently invade the cortex of the primordium. Upon 
the resumption of growth many of the roots develop as charactéristic 
mycorrhizae, but a considerable number also become long roots. The fate of 
the arrested laterals seems to be more dependent on the size of the primordium 
than upon the influence of the fungi. Im smaller diameter first order long 
-roots and in subordinate mother roots most lateral root primordia develop 

into mycorrhizae, while in the larger diameter roots a significant 

proportion develop into long roots. Primordia that do develop into long roots 
are of a size large enough to ensure their development as long roots 

according to the relationships already described. 


Upon the resumption of root growth the cortex distal to the persisting 
metacutized layer is slowly invaded by the fungus. The greatest movement 
of fungus occurs around the outside of these layers along the root surface 

and from the adhering remnants of ruptured root cap cells. However, some 
| direct penetration of the residual metacutized layers does occur, possibly 
through breaks in this barrier. 
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Once the fungi have penetrated the cortex of the new seasonal increment, 
they move acropetally in the intercellular spaces. In slow growing roots 
the fungi are able to keep pace with the root growth and continue to infect 
the meristematic regions of the root. In these cases they are a potential 
infecting source for emerging lateral roots. This is especially evident 
in subordinate mother roots where nearly all laterals are invaded with 
fungi from the mother root. Most of these develop as monopodial, coralloid 
or tuberous mycorrhizae conforming to the morphological classifications 
which are widely described for ectotrophic pine mycorrhizae. 


In some of the larger first order laterals and pioneers, which elongate 
fast, the fungi do not keep pace with root growth during the season of 
maximum elongation rate, and laterals may emerge before they are invaded 
or colonized by fungi. These may later be infected from the soil, become 
infected from the cortex of the mother root, or escape infection altogether. 
Those that become mycorrhizal late in development frequently present the 
anomalous appearance of mycorrhizae developing from non-mycorrhizal short 


roots. 


The greatest number of first order laterals, however, do not show a 
fungal-free zone as described above. This was probably due to the slow 
resumption of root growth and the early growth of the fungi. 


Discussion. 


The data presented in this paper indicate differences in growth behavior 
and fungal colonization of long roots and short roots. At the same time 
they show that there is a continuum of root size and that many of the 
anatomical characteristics of the long and short root types intergrade. 
Therefore the question arises as to how real the indicated differences are 
between long roots and short roots. 


Excluding, for the moment, the secondary complications arising from 
fungal infection, it seems apparent that all differences arise from initial 
differences in meristematic capital, that is, from differences in the 
original size of the lateral meristems. However, as shown above, the 
relationship is not an absolute one dependent on the mass of the meristematic 
cells. The size relationship varies with the size of the mother root, 
indicating the operation of mechanisms which might variously be termed as 
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interacting, competitive, ог correlating. For example, a meristem which 

is below the critical size with relation to size of mother root at point 
of origin, develops as a short root which is unable to maintain cell 
divisions under existing conditions and consequently produces few cells 

for elongation. Once such a meristem has ceased dividing, especially if it 
is non-mycorrhizal, it is generally not able to initiate another cycle of 
growth activity and aborts. Supplemental factors necessary for growth of 
such meristems seemingly are produced by mycorrhizal fungi, enabling them 
to grow as described later. 


Meristems which exceed a certain relative critical size undergo more 
divisions and greater cell and root elongation. These meristems also increase 
in root diameter and achieve commensurately greater separation between the 
protoxylem arcs, both of which favor the continued development of these 
roots. 


The distinction between long roots and short roots is accentuated by 
the fact that roots designated as short roots may have only one brief cycle 
of growth. Subsequent to this period of activity the size of the promeristem 
does not remain constant but gradually decreases in size, and commensurately 
the probability of root re-activation decraases. Roots which come to be 
recognized as long roots are those which have maintained cell division 
long enough to elongate appreciably and to augment the size of their meristems. 
In addition to having longer growth cycles, these roots are also better able 
to maintain the integrity of their meristems during periods of dormancy, 
thus increasing the likelihood of additional periods of growth activity. 


From this consideration of the developmental morphology of the so-called 
short roots, it is suggested that the apical meristems of these roots are 
marginal in size and depend on growth substances from mycorrhizal fungi to 
achieve continued growth activity. This suggestion receives partial support 
from indirect evidence of two types. Firstly, it has been repeatedly shown 
that short roots which fail to become infected abort (1, 3). Secondly, it 
has been shown by Slankis (5) that exudates of growing mycelia of certain 
kinds of mycorrhizal fungi have a morphogenetic effect on the short root 
branches causing them to grow and assume a mycorrhizal form. 
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Slankis (5) has proposed that the growth of any lateral root is 
influenced by mycorrhizal fungi, presumably from the auxin excreted by 
them. Furthermore, he believes that the influence of the mycorrhizal 
infection reaches beyond the rootlets associated with the fungus and that 
the fungal auxin is translocated in the long roots and determines the 
sequence and frequency of long and short roots produced, Basic to this 
theory is the stipulation that the mycorrhizal habit results from the 
inhibition of root elongation, According to Slankis, all morphological 
forms of mycorrhizal roots result from inhibited longitudinal growth, and 
he states that physiologically predestined long root initials can become 
inhibited in elongation and become short roots by early, direct fungal 
infection. 


While the present work supports the theory that mycorrhizae arise from 
the stim lation of meristems which are of inadequate size and would other- 
wise abort, it does not clearly support or refute the theory that 
mycorrhizae also arise from the early inhibition of longitudinal growth of 
any lateral. The inhibition theory is challenged by the fact that many 
large diameter long roots are not inhibited in their development by the 
colonizing fungi. Also the larger diameter mycorrhizal short roots have 
not been demonstrated to result from arrested long root development. The 
size of naturally-occurring short root primordia increases with increase in 
root diameter of the mother root and, as a consequence, a certain number of 
large diameter short roots result. | 


The features of colonization of plantation long roots by ectotrophic 
mycorrhizal fungi, in most respects, are similar in Pinus resinosa to those 
described by Robertson (4) for Pinus sylvestris. The ectendotrophic 
infections common to the nursery seedlings were not investigated by Robertson. 
An additional difference is that Robertson did not observe the infection of © 
short roots before they emerged from the parent root, while such infection 
was seen frequently in Pinus resinosa. 


A final word should be said regarding the seasonal development of 
mycorrhizae in Pinus resinosa under different site conditions. On roots of 
the same root class, the patterns of mycorrhizal development are similar in 
the way they vary from proximal to distal ends of the seasonal increments. 
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In all roots, dormancy, cyclic growth behavior of roots, and colonization 
of long roots by fungi are key factors in the development of mycorrhizae. 
However, significant differences were encountered in the extent of 
mycorrhizal formation between roots, and it is obvious that many ecological 
factors are operative. The differences between the ectotrophic mycorrhizae · 
of the plantation and the ectendotrophic mycorrhizae of the nursery has 
already been noted. Differences also appear in the prevalence of root 
abortion. Much of this abortion in the nursery was due to the activity of 
nematodes and other soil microorganisms, but many of the aborting primordia 
appeared to undergo necrosis and disorganization for no observable reason. 
The greater prevalence of root abortion in the larger root classes suggests 
the occurrence of competitive inhibition by the apical meristem, but this 
problem awaits further investigation. 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 
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